Cyclic AMP signaling plays a central role in regulating activity at a number of synapses in the brain. We showed previously that pairing activation of receptors that inhibit adenylate cyclase (AC) and reduce the concentration of cyclic AMP, with elevation of the concentration of cyclic GMP is sufficient to elicit a presynaptically expressed form of LTD at Schaffer collateral-CA1 synapses in the hippocampus. To directly test the role of AC inhibition and G-protein signaling in LTD at these synapses, we utilized transgenic mice that express a mutant, constitutively active inhibitory G protein, G␣ i2 , in principal neurons of the forebrain. Transgene expression of G␣ i2 markedly enhanced LTD and impaired late-phase LTP at Schaffer collateral synapses, with no associated differences in input/output relations, paired-pulse facilitation, or NMDA receptor-gated conductances. When paired with application of a type V phosphodiesterase inhibitor to elevate the concentration of intracellular cyclic GMP, constitutively active G␣ i2 expression converted the transient depression normally caused by this treatment to an LTD that persisted after the drug was washed out. Moreover, this effect could be mimicked in control slices by pairing type V phosphodiesterase inhibitor application with application of a PKA inhibitor. Electrophysiological recordings of spontaneous excitatory postsynaptic currents and two-photon visualization of vesicular release using FM1-43 revealed that constitutively active G␣ i2 tonically reduced basal release probability from the rapidly recycling vesicle pool of Schaffer collateral terminals. Our findings support the hypothesis that inhibitory G-protein signaling acts presynaptically to regulate release, and, when paired with elevations in the concentration of cyclic GMP, converts a transient cyclic GMP-induced depression into a long-lasting decrease in release.
Long-term potentiation (LTP) and long-term depression (LTD) of synaptic strength are reciprocal, activity-dependent mechanisms that are thought to mediate synaptic competition during development and store information in mature networks. cAMP and its major effector kinase, cyclic AMP-dependent protein kinase (PKA), play key roles in the induction of LTP (Frey et al. 1993; Impey et al. 1996; Nguyen and Kandel 1997; Otmakhova et al. 2000; Matsushita et al. 2001) . Evidence also suggests that inhibition of adenylate cyclase (AC) and reduced PKA activity promote the induction of LTD. Inhibiting PKA enhances the induction of LTD at Schaffer collateral-CA1 synapses (Santschi et al. 1999 (Santschi et al. , 2006 , and simultaneous elevation of the concentration of intracellular cGMP and inhibition of PKA is sufficient to elicit LTD at these synapses in the absence of afferent stimulation (Santschi et al. 1999; Stanton et al. 2001) . This chemically induced form of LTD (CLTD) is presynaptically expressed and occludes stimulusevoked LTD (SLTD), suggesting convergence of key mechanisms between CLTD and SLTD (Santschi et al. 1999; Stanton et al. 2001 Stanton et al. , 2003 Bailey et al. 2003) .
A number of presynaptic receptors, including groups II/III metabotropic glutamate receptors (mGluR) and A1 adenosine receptors, are negatively coupled to AC via inhibitory heterotrimeric G-proteins. We recently showed that activating either of these receptors can promote the induction of LTD at Schaffer collateral-CA1 synapses, and that pairing activation of either of these receptors with elevations in the concentration of cyclic GMP is sufficient to elicit LTD (Santschi et al. 2006) . At mossy fiber-CA3 synapses, we also showed that expression of a mutant, constitutively active form of an inhibitory G alpha subunit, G␣ i2 , can substitute for the actions of group II mGluRs in regulating synaptic plasticity at this synapse (Nicholls et al. 2006) . However, unlike mossy fiber synapses, Schaffer collateral-CA1 synapses express a mixture of both pre-and postsynaptic alterations underlying differing forms of LTP and LTD (Reyes and Stanton 1996; Stanton and Gage 1996; Patterson et al. 2001; Duffy and Nguyen 2003; Huang et al. 2005 ).
To test whether inhibitory G-protein regulation of AC also contributes to the induction of LTD at Schaffer collateral-CA1 synapses in the hippocampus, and whether these actions may be, in part, presynaptic in nature, we examined synaptic plasticity at Schaffer collateral synapses in slices from transgenic mice that express an inducible, constitutively active form of G␣ i2 . We found that constitutively active G␣ i2 expression caused a tonic inhibition of presynaptic release of FM1-43 from the rapidly recycling vesicle pool at Schaffer collateral terminals and enhanced stimulus-evoked LTD. Furthermore, G␣ i2 converted the transient depression elicited by elevating the concentration of cyclic GMP to a persistent LTD, suggesting that inhibitory G-protein signaling participates in both short-and long-term regulation of presynaptic activity.
Results
Constitutively active G␣ i2 does not alter synaptic input/output relations, paired-pulse facilitation, or the NMDA component of transmission at Schaffer collateral-CA1 synapses
To mimic G-protein-mediated inhibition of adenylate cyclase in vivo, we utilized transgenic mice that express a constitutively active form of the heterotrimeric G-protein alpha subunit, G␣ i2 (Nicholls et al. 2006) . By crossing animals bearing a tetO-G␣ i2 transgene with animals bearing a second transgene in which the tTA synthetic trans-activator is under the control of the calcium/ calmodulin kinase II␣ promoter, we could drive constitutively active G␣ i2 expression selectively in principal cells of the forebrain, including CA3 and CA1 pyramidal cells in the hippocampus (Nicholls et al. 2006) . Since doxycycline blocks the binding of the tTA transactivator to the synthetic tetO promoter, we also used this system to prevent G␣ i2 transgene expression during development. As we showed previously, raising pregnant mothers and their pups on doxycycline-containing food until 10 d of age effectively suppressed transgene expression (Nicholls et al. 2006) . By shifting these animals off doxycycline 10 d after birth, we then induced transgene expression in animals by 15 d of age. We used this "shift off doxycycline" protocol in all of our experiments to temporally restrict the expression of the constitutively active G␣ i2 transgene.
To evaluate the effects of constitutively active G␣ i2 expression on basal synaptic transmission at Schaffer collateral-CA1 synapses, we compared field excitatory postsynaptic potential (fEPSP) input-output relations, paired-pulse facilitation, and NMDA receptor-mediated fEPSPs in slices from G␣ i2 -expressing double transgenic mice to single transgenic controls. Since synaptic responses in slices from tetO-G␣ i2 and CaMKII␣-tTA single transgenic mice were similar in all experiments, data from these two groups were pooled throughout and are referred to simply as "controls". As shown in Figure 1A , input/output relations (maximum fEPSP slope vs. stimulus intensity) at Schaffer collateral-CA1 synapses in hippocampal slices from double transgenic mice were similar to controls (P > 0.20; two-way ANOVA with repeated measures), suggesting that constitutively active G␣ i2 did not affect low-frequency synaptic transmission. As a measure of presynaptic function, we compared paired-pulse facilitation at interstimulus intervals of 20, 50, 100, 200, and 1000 msec in slices from double-transgenic and control mice. As seen in Figure 1B , constitutively active G␣ i2 also did not affect this property of Schaffer collateral synapses (P > 0.20; two-way ANOVA with repeated measures).
Since the induction of some forms of LTP and LTD depend on the activation of N-methyl-D-aspartate receptors (NMDARs), we tested the effect of constitutively active G␣ i2 on NMDARmediated fEPSPs that were pharmacologically isolated by bath application of 10 µM CNQX to block AMPA receptor conductances and 10 µM picrotoxin to block GABAergic conductances. Figure 1C illustrates input/output functions of NMDA receptormediated responses at Schaffer collateral-CA1 synapses in hippocampal slices from constitutively active G␣ i2 -expressing double transgenic mice and controls. The responses in these two groups were similar for each of the stimulus intensities tested (P > 0.20; two-way ANOVA with repeated measures), suggesting that constitutively active G␣ i2 does not alter NMDA receptor-mediated synaptic transmission at Schaffer collateral-CA1 synapses. Constitutively active G␣ i2 does not alter input-output relations or paired-pulse facilitation at Schaffer collateral-CA1 synapses. (A) Input-output relation of Schaffer collateral-CA1 evoked EPSP slopes (percent maximum) as a function of stimulus intensity (µA) in G␣ i2 -expressing double-transgenic (᭹) versus pooled single-transgenic slices (᭺). Each point is mean ‫ע‬ SEM of six slices. (B) Percent paired-pulse facilitation profiles (S2/S1) at Schaffer collateral-CA1 evoked EPSPs as a function of interstimulus interval in slices from G␣ i2 -expressing (᭹) and singletransgenic control (᭺) mice. Each point is mean ‫ע‬ SEM of six slices. (C) Input-output relation of NMDA receptor-dependent evoked EPSP slopes (percent maximum) pharmacologically isolated by bath-applied CNQX (10 µM), in G␣ i2 -expressing double-transgenic (᭹) versus pooled singletransgenic slices (᭺). Each point is mean ‫ע‬ SEM of six slices.
Constitutively active G␣ i2 suppresses stimulus-evoked LTP at Schaffer collateral-CA1 synapses A large body of evidence has implicated a pathway involving adenylate cyclase, cAMP, and protein kinase A in the late phase of LTP at hippocampal Schaffer collateral synapses (Nguyen and Woo 2003) . The activity of this pathway can be regulated in part by the actions of G-protein coupled receptors (GPCRs) whose activation has been variously shown to enhance or inhibit the induction of LTP (Winder et al. 1999; Santschi et al. 2006.) . In the case of inhibitory GPCRs, this is thought to be mediated by inhibitory G alpha subunits that are capable of inhibiting the activity of certain adenylate cyclase isoforms, leading to a decrease in cAMP concentration and PKA activity (Simonds 1999; Chern 2000) . Therefore, we decided to test the ability of the constitutively active G␣ i2 transgene to affect the late phase of LTP. Figure  2 illustrates LTP induced at Schaffer collateral synapses by four theta burst trains (TBS; each train 10 ‫ן‬ 100 Hz/five pulse bursts, 200 msec interburst interval) in slices from double transgenic and control mice. In control slices, this protocol elicited a stable LTP that persisted for over 2 h (180 ‫ע‬ 11% of baseline response 1 h post-TBS). Slices from double transgenic animals exhibited a similar magnitude of potentiation immediately after stimulation (short-term potentiation [STP] ); however, this STP decayed rapidly within the first hour post-tetanus to significantly lower LTP levels than those observed in controls (134 ‫ע‬ 9% of baseline response 1 h post-TBS; P < 0.05, Student's t-test compared with controls). This observation is consistent with previous observations of the effects of protein kinase A and adenylate cyclase mutants (Abel et al. 1997; Wong et al. 1999 ) on the late phase of LTP at Schaffer collateral synapses, and suggests that constitutively active G␣ i2 -mediated inhibition of this pathway is sufficient to interfere with its role in late-phase LTP.
Constitutively active G␣ i2 enhances stimulus-evoked LTD at Schaffer collateral-CA1 synapses LTP and LTD are opposing processes, and manipulations that affect one of these forms of synaptic plasticity often have mirrorimage effects on the other (Migaud et al. 1998; Zeng et al. 2001; Chen et al. 2003) . Given this fact, and previous work showing that decreases in the activity of the cAMP pathway can enhance the induction of LTD at Schaffer collateral synapses (Kameyama et al. 1998; Santschi et al. 2006 ; but see Brandon et al. 1995; Qi et al. 1996) , we tested whether constitutively active G␣ i2 expression might also result in an enhancement of this form of synaptic plasticity. Figure 3A shows the time course of LTD in field CA1 induced by 2 Hz/10 min low-frequency stimulation (LFS) of Schaffer collateral axons in slices from double transgenic and control animals. We found that constitutively active G␣ i2 expression more than doubled the amplitude of LTD elicited at Schaffer collateral-CA1 synapses as compared with controls ‫4.53מ(‬ ‫ע‬ 3.4% of pre-LFS baseline compared with -15.3 ‫ע‬ 4.8% in controls, 30 min after the end of LFS, P < 0.05, Student's t-test). This enhancement was dependent on the expression of the constitutively active G␣ i2 transgene, since it was not observed in slices from double-transgenic animals when expression was suppressed by continued administration of doxycycline (Fig. 3B , open circles, ‫4.71מ‬ ‫ע‬ 5.2%, 30 min post-LFS, P < 0.05; Student's t-test double-transgenic animals on vs. off doxycycline). In fact, LTD in slices from double-transgenic mice maintained on doxycycline was indistinguishable from LTD in slices from control mice (Fig. 3C ).
Constitutively active G␣ i2 partially occludes A1 adenosine receptor-mediated depression of synaptic transmission One of the ways in which the cAMP pathway contributes to LTD at Schaffer collateral synapses is by acting postsynaptically to control the PKA-dependent phosphorylation of GluR1 subunitcontaining AMPA receptors (Kameyama et al. 1998 ). However, LTD at this synapse also involves changes in presynaptic activity that may be mediated, in part, by the presynaptic actions of the cAMP pathway. Since we previously observed that agonists of G protein-coupled receptors can promote Schaffer collateral LTD (Santschi et al. 2006) , we tested the ability of the constitutively active G␣ i2 transgene to substitute for inhibitory G proteincoupled receptor activation in other contexts. To do this, we compared the ability of the A1 adenosine receptor agonist, cyclohexyladenosine (CHA), to suppress responses at Schaffer collateral synapses in slices from constitutively active G␣ i2 -expressing mice to slices from control animals. A1 receptors are expressed presynaptically and are coupled to inhibitory heterotrimeric G proteins. The activation of these receptors leads to a well-characterized suppression of Schaffer collateral synaptic transmission that results from a decrease in presynaptic transmitter release (Mitchell et al. 1993; Dunwiddie and Diao 1994) . We reasoned that if these receptors participate in this process via inhibitory G alpha subunits, then expression of the constitutively active G␣ i2 transgene might mimic the effects of A1 adenosine receptor activation. As shown in Figure 4 , 20 nM CHA evoked significantly less peak depression of Schaffer collateral-CA1 synaptic transmission in G␣ i2 -expressing slices ‫8.53מ(‬ ‫ע‬ 3.4%), compared with control slices ‫36מ(‬ ‫ע‬ 8.8%; P < 0.05, Student's t-test G␣ i2 compared with control slices), suggesting that transgene-mediated inhibition of AC partially occluded the effects of A1 adenosine receptor activation.
Two-photon FM1-43 imaging of Schaffer collateral terminals demonstrates reduced vesicular release in constitutively active G␣ i2 -expressing mice
The ability of the constitutively active G␣ i2 transgene to partially occlude A1 adenosine receptor-mediated suppression of Schaffer collateral responses indicates that the transgene does, in fact, affect presynaptic activity at this synapse, even though we did not observe transgene-dependent changes in paired-pulse facilitation or input/output relations. In many instances, previous studies of genetically modified animals have failed to detect changes in these measures despite strong evidence that the trans- Figure 2 . Stimulus-evoked long-term potentiation (LTP) at Schaffer collateral-CA1 synapses is impaired in slices from mice expressing constitutively active G␣ i2 . Time course of experiments comparing theta burst-evoked LTP (arrow; ‫ן4‬ theta burst stimulation) at Schaffer collateral-CA1 synapses in slices from G␣ i2 -expressing double-transgenic (᭹; n = 12) versus pooled single-transgenic mice (᭺; n = 15). Each point is mean ‫ע‬ SEM of n slices.
gene or knockout affected presynaptic activity (Castillo et al. 1997 (Castillo et al. , 2002 Cabin et al. 2002; Hou et al. 2004 ). This discrepancy is thought to result from mechanisms that compensate for the effects of altered gene expression and renormalize mean synaptic efficacy. In these instances, PPF and input/output relations may be imperfect tools for detecting presynaptic alterations caused by chronic alterations in gene expression. We decided to directly test the effects of constitutively active G␣ i2 transgene expression on presynaptic activity by measuring presynaptic release in brain slices from these animals using FM1-43 labeling of synaptic vesicles, and by analyzing miniature excitatory postsynaptic currents (mEPSCs).
We began by examining the dynamic properties of vesicular release using two-photon imaging of stimulus-evoked release of the styryl dye FM1-43 from Schaffer collateral terminals in hippocampal slices (Stanton et al. 2001 (Stanton et al. , 2005 Winterer et al. 2006) . Figure 5A illustrates a typical two-photon image of FM1-43 labeled presynaptic boutons in stratum radiatum of field CA1 of a hippocampal slice. Figure 5B plots the mean destaining time courses of stimulus-evoked (10 Hz/2 min) FM1-43 release from Schaffer collateral presynaptic terminals in slices from wildtype control versus constitutively active G␣ i2 -expressing mice. While control slice terminals exhibited a 6.2 ‫ע‬ 0.44% reduction (closed circles) in FM1-43 fluorescence at the end of the 2-min LFS, constitutively active G␣ i2 -expressing double transgenic slices showed significantly less stimulus-evoked release (open circle, 2.2 ‫ע‬ 0.55%, P < 0.05, Student's t-test compared with control slices), suggesting that tonic G␣ i2 -mediated inhibition of adenylate cyclase does reduce baseline-evoked transmitter release probability from Schaffer collateral boutons.
Constitutively active G␣ i2 reduces frequency of spontaneous action potential-driven mEPSCs at Schaffer collateral synapses
To independently test the effects of constitutively active G␣ i2 expression on presynaptic release probability at Schaffer collateral terminals, we examined TTX-sensitive and TTX-insensitive spontaneous mEPSCs in CA1 pyramidal neurons in slices from G␣ i2 -expressing and control mice (Fig. 6 ). Approximately half of mEPSC events were TTX sensitive, and half TTX resistant. TTXsensitive mEPSCs driven by spontaneous action potentials were markedly reduced in frequency by constitutively active G␣ i2 expression ( Fig. 6A1,2 ; *, P < 0.05, Student's t-test compared with control slices), without any changes in peak amplitude, rise, or decay time kinetics (Fig. 6A2) , consistent with the presynaptic reduction in probability of vesicular release we observed using FM1-43. In contrast, TTX-insensitive mEPSCs, representative of action potential-independent release events, showed no significant alterations in either frequency or waveform resulting from G␣ i2 expression (Fig. 6B) . While the selective effects of constitutively active G␣ i2 on TTX-sensitive mEPSCs suggests that release Figure 3 . Stimulus-evoked long-term depression (LTD) at Schaffer collateral-CA1 synapses is enhanced in slices from mice expressing constitutively active G␣ i2 . (A) Time course of experiments comparing stimulus-evoked LTD (solid bar; 2 Hz/10 min) at Schaffer collateral-CA1 synapses in slices from G␣ i2 -expressing double-transgenic (᭹; n = 11) versus pooled single-transgenic control mice (᭺; n = 14). Each point is mean ‫ע‬ SEM of n slices. (B) Time course of stimulus-evoked LTD (solid bar; 2 Hz/10 min) at Schaffer collateral-CA1 synapses in G␣ i2 -expressing double-transgenics 5 d after being taken off doxycycline (off Dox; ᭹; n = 11), compared with double transgenics where expression was suppressed by doxycycline (on Dox; ᭺; n = 5). Each point is mean ‫ע‬ SEM of n slices. (C) Time course of stimulus-evoked LTD (solid bar; 2 Hz/10 min) at Schaffer collateral-CA1 synapses in slices from single-transgenic control mice (᭺; n = 14), compared with slices from G␣ i2 -expressing double transgenics where expression remained blocked by doxycycline (on Dox; ᭹; n = 5). Each point is mean ‫ע‬ SEM of n slices. Cold Spring Harbor Laboratory Press on October 8, 2016 -Published by learnmem.cshlp.org Downloaded from from the rapidly-recycling pool of vesicles driven by singleaction potentials is persistently altered by inhibition of adenylate cyclase, we cannot rule out the possibility that the frequency of spontaneous action potentials in CA3 pyramidal neurons might be altered as well.
However, the pairing of reduced basal transmitter release with the lack of alteration in synaptic input/output relations supplies evidence for postsynaptic compensatory up-regulation of transmitter sensitivity as a likely mechanism that normalizes overall synaptic strength during development in G␣ i2 -expressing mice.
Constitutively active G␣ i2 converts cyclic-GMP mediated transient depression of Schaffer collateral synaptic transmission to LTD
In previous studies in rat hippocampal slices, we showed that a chemical LTD of synaptic transmission was elicited by simultaneous elevation of the concentration of intracellular cyclic GMP and inhibition of PKA (Santschi et al. 1999) . To confirm that this was also true in mice, we co-applied the PKA inhibitor, H-89, along with the type V phosphodiesterase inhibitor, zaprinast, to control slices. Figure 7A illustrates the effects of bath application of zaprinast (20 µM; solid bar) in the presence of the PKA inhibitor H-89 (10 µM; hatched bar), on Schaffer collateral-CA1 synaptic strength. The pairing of zaprinast and H-89 elicited significant LTD of synaptic transmission that persisted after drug washout (closed circles, ‫7.62מ‬ ‫ע‬ 2.7% 1 h post-washout), while zaprinast alone evoked only transient depression (open circles, ‫8.7מ‬ ‫ע‬ 1.7% 1 h post-washout).
We showed previously that this form of chemically induced LTD is the result of a persistent decrease in presynaptic activity, and moreover, its induction depends on the inhibition of presynaptic PKA activity (Santschi et al. 1999 ). Therefore, we tested the ability of the constitutively active G␣ i2 transgene to participate in this form of LTD to determine whether the presynaptic actions of the transgene contribute to persistent decreases in synaptic strength. As above, bath application of zaprinast produced only a transient depression of Schaffer collateral responses in slices from control animals that returned to baseline following washout of the drug (Fig. 7B, open circles) . In contrast, zaprinast application to slices prepared from constitutively active G␣ i2 -expressing double transgenic animals produced a long-term depression that persisted for over 1 h after drug washout ‫3.32מ(‬ ‫ע‬ 3.3% reduction in EPSP slope 50 min post-wash; P < 0.05 Student's t-test comparison to single transgenic controls). As was the case for the enhancement of stimulus-induced LTD in these animals, this effect was dependent on the expression of constitutively active G␣ i2 , since it was not observed in slices from double-transgenic mice where expression was suppressed by continued administration of doxycycline ( Fig. 7C ; open circles, P < 0.05, Student's t-test, double-transgenic animals on vs. off doxycycline).
Discussion
Activity-dependent changes in synaptic strength are essential for maintaining proper nervous system function, and storing information during learning acquisition and memory retention. Studies in a number of animals and synapses have found that signaling via the cAMP pathway plays an important role in these changes. To better understand how this pathway regulates synaptic activity, we examined the physiological consequences of expressing, in transgenic mice, a mutant G␣ i2 transgene that constitutively inhibits susceptible forms of adenylate cyclase. We found that constitutively active G␣ i2 expression enhanced stimulus-induced LTD at Schaffer collateral-CA1 synapses without altering input/output relations, paired-pulse facilitation, or the NDMAR-mediated component of postsynaptic potentials. Constitutively active G␣ i2 also partially occluded the suppression of Schaffer collateral responses by the A1 adenosine receptor agonist, cyclohexyladenosine, suggesting that the transgene tonically suppressed presynaptic activity. Consistent with this interpretation, we found that constitutively active G␣ i2 caused a decrease in vesicle release as measured by stimulus-evoked FM1-43 destaining, and a decrease in spontaneous action potentialevoked mEPSC frequency. In addition, we found that constitutively active G␣ i2 expression, in combination with a pharmacologically induced increase in the concentration of cGMP, was sufficient to elicit a presynaptically expressed form of LTD. Together, our data suggest that inhibitory G-protein signaling regulates presynaptic activity, and participates in the induction of a presynaptic, cyclic GMP-dependent form of LTD.
Inhibition of the cAMP pathway has been found previously to enhance, and in some cases mimic, LTD at Schaffer collateral-CA1 synapses (Kameyama et al. 1998; Santschi et al. 1999 Santschi et al. , 2006 . One of the ways in which this is thought to occur is through protein kinase A-dependent regulation of AMPA receptor activity in the postsynaptic neuron. Inhibiting postsynaptic PKA activity causes a rundown of AMPA currents that occludes some forms of stimulus-induced LTD, and this is thought to reflect both the role of basal GluR1 phosphorylation in maintaining AMPA receptor currents (Roche et al. 1996; Banke et al. 2000) , and the role of AMPA receptor dephosphorylation in postsynaptic LTD (Kameyama et al. 1998) . In addition to these postsynaptic functions of cAMP, we found that activation of presynaptic inhibitory Gprotein coupled receptors enhanced stimulus-induced LTD, suggesting that decreases in the activity of the cAMP pathway in the Cold Spring Harbor Laboratory Press on October 8, 2016 -Published by learnmem.cshlp.org Downloaded from presynaptic cell can also contribute to LTD at Schaffer collateral-CA1 synapses (Santschi et al. 1999 (Santschi et al. , 2006 . Therefore, the ability of the constitutively active G␣ i2 transgene to partially occlude the suppression of Schaffer collateral responses by A1 adenosine receptor activation suggests that one of the ways in which this transgene may enhance stimulus-induced LTD is through inhibition of adenylate cyclase in presynaptic terminals.
A presynaptically expressed form of LTD can be chemically induced at Schaffer collateral-CA1 synapses by increasing presynaptic cGMP concentration while simultaneously decreasing presynaptic cAMP pathway activity (Santschi et al. 1999 ). We showed previously that either A1 adenosine or group II mGluR activation is sufficient to elicit the decrease in cAMP pathway activation necessary for this form of LTD (Santschi et al. 2006) , and here we show that constitutively active G␣ i2 transgene expression also converts the transient depression of synaptic transmission elicited by increased cGMP concentration into a persistent depression. The ability of this form of chemically induced depression to occlude LTD induced by LFS suggests that these two forms of LTD may share common induction and/or expression mechanisms. If this is the case, then the activation of inhibitory G alpha subunits by presynaptic G-protein coupled receptors during LFS may provide a necessary decrease in the concentration of cAMP. In support of this hypothesis, we found that antagonists of either A1 adenosine receptors or group II mGluRs inhibit stimulus-induced Schaffer collateral-CA1 LTD (Santschi et al. 2006) .
If presynaptic inhibitory G-protein-coupled receptor activation in response to LFS is responsible for decreasing cAMP pathway activity, then what mechanism triggers the increase in the concentration of cGMP that is also necessary for presynaptic LTD? Our previous work suggests that the requisite increase in the concentration of cGMP is brought about by a signaling cascade activated by nitric oxide (NO) released from the postsynaptic neuron. This diffusible molecule could then act as a retrograde messenger, diffusing to the presynaptic terminal, where it activates guanylyl cyclase (Gage et al. 1997 ), leading to increased cGMP concentration and activation of PKG . This model of LTD induction is attractive, because the existence of an intercellular second messenger provides a mechanism for coordinating the pre-and postsynaptic changes that occur during activitydependent decreases in synaptic efficacy.
Just as evidence suggests that decreases in the concentration of cAMP act both pre-and postsynaptically to promote Schaffer collateral LTD, data also suggest that both pre-and postsynaptic increases in the concentration of cAMP can contribute to Schaffer collateral LTP. While postsynaptic infusion of PKA inhibitors has been found to block latephase LTP (Duffy and Nguyen 2003) , the application of the nonhydrolyzable cAMP analog, Sp-cAMPs, elicits a persistent increase in transmission that involves increased presynaptic activity (Bolshakov et al. 1997; Ma et al. 1999; Yu et al. 2001) . Here too, NO has been proposed to act as a retrograde messenger that elicits presynaptic changes involved in Schaffer collateral LTP (Zhuo et al. 1994; Arancio et al. 1995; Lu et al. 1999) . The apparently contradictory findings that retrograde signals mediated by NO may participate in both Schaffer collateral LTD and LTP raise the question of whether an additional signal determines whether NO leads to transient depression, LTD, or LTP in the presynaptic compartment. Our current finding that constitutively active G␣ i2 expression both enhances LTD and inhibits LTP suggests that one factor controlling the outcome may be presynaptic cAMP concentration. This mechanism seems ideal to explain the contradictory data supporting roles for NO-stimulated cyclic GMP in the induction of both LTP and LTD, and suggests that evoked increases in both the concentration of glutamate, acting via group II/III mGluRs, and the concentration of adenosine, acting via A1 receptors, are transmitters that respond to elevations in local synaptic activity levels by shifting synapses in favor of greater LTD. Such a mechanism could represent a physiological basis for the dynamic "sliding threshold" for the induction of LTD versus LTP (Stanton 1996) , an activity-dependent biasing of synapses toward induction of presynaptic LTD.
As attractive as this model is, it should be pointed out that there is much to be learned about the mechanisms underlying the involvement of NO in Schaffer collateral presynaptic plasticity. First, pharmacological and genetic evidence has suggested that it is still possible to elicit LTP when NO signaling is impaired (Cummings et al. 1994; Son et al. 1996) , suggesting that NO may only be required under some conditions or for certain forms of LTP. Second, what appears to be normal LTP has been observed in PKG knockout mice (Kleppisch et al. 1999) , suggesting that, if NO signaling is required for LTP, it may act via a PKG-independent Cold
pathway, perhaps involving ADP-ribosyltransferase (Schuman et al. 1994 ). Hopper and Garthwaite (2006) have recently supplied evidence that both tonic and phasic increases in the concentration of NO, mediated by different nitric oxide synthase isoforms, are involved in the induction of LTP, but their roles in LTD are currently unknown. Given the current uncertainty surrounding the mechanisms underlying the involvement of NO in synaptic plasticity, the cAMP-dependent conversion from potentiation to depression we propose remains one of a number of possible explanations for the involvement of NO in bidirectional synaptic plasticity at Schaffer collateral synapses.
It is also still unclear what are the downstream targets of inhibitory G alpha subunits to regulate presynaptic activity, and how these targets might interact with an NO/cGMP signaling cascade. Two likely immediate targets of inhibitory G alpha subunits are the adenylate cyclase isoforms AC1 and AC8. Both of these isoforms are sensitive to inhibition by G i -coupled receptors (Nielsen et al. 1996) and mice lacking both of these genes exhibit deficient LTP at Schaffer collateral synapses (Wong et al. 1999) . G alpha-mediated inhibition of adenylate cyclase would be expected to lead to a decrease in the concentration of cAMP, and a corresponding decrease in PKA activity. As mentioned above, PKA has been found to play an important postsynaptic role in Schaffer collateral LTP and LTD, but recent evidence also suggests that PKA-dependent phosphorylation of presynaptic substrates may be involved in these forms of plasticity. The synaptic vesicle protein Rab3A and its effector protein Rim1␣ are both believed to regulate presynaptic activity downstream of PKA, and an examination of the phenotypes of animals lacking these gene products reveals deficits in PKA-dependent forms of LTP at Schaffer collateral synapses (Huang et al. 2005) . However, there are a number of additional presynaptic PKA substrates that might also regulate activity in response to changes in the concentration of cAMP. The ability of the cAMP pathway to interact with changes in the concentration of presynaptic cGMP means that a complete understanding of the mechanisms underlying the regulation of presynaptic activity will require not just understanding the function of these two pathways in isolation, but how they interact to bring about long-term changes in synaptic strength.
Materials and Methods

Transgenic mice and doxycycline-controlled transgene expression
The generation of constitutively active G␣ i2 transgenic mice and the regulation of transgene expression by doxycycline was reported previously (Nicholls et al. 2006) . Briefly, a mutant form of G␣ i2 was generated that codes for a cysteine to arginine amino acid substitution at residue 179. This substitution interferes with the ability of the mutant protein to hydrolyze GTP, rendering it constitutively active (Wong et al. 1991; Pace et al. 1995) . We used the tetO/tTA system to achieve region-restricted, drug-regulated expression of the constitutively active G␣ i2 transgene by placing the G␣ i2 transgene under the control of the synthetic tetO promoter (Mayford et al. 1996) . This promoter is activated in a drugdependent manner by the synthetic transactivator, tTA. We achieved cell-type specificity by placing the tTA transactivator under the control of the calcium-calmodulin kinase II␣ (CaMKII␣) promoter in a second transgene. In animals that carried both the tetO-G␣ i2 and the CaMKII␣-tTA transgenes, constitutively active G␣ i2 transgene expression was observed only in principal cells in the forebrain (where the CaMKII␣ promoter is active) (Nicholls et al. 2006) . We achieved temporally restricted G␣ i2 transgene expression by raising mothers and pups on food containing doxycycline until the pups were 10 d old, at which point mice were switched to food without doxycycline. This on doxycycline/off doxycycline regimen prevented the expression of constitutively active G␣ i2 in pups prior to 15 d of age. In some control experiments, we suppressed G␣ i2 transgene expression in the tetO-G␣ i2 ; CaMKII␣-tTA double transgenic animals by continuing to feed animals doxycycline-containing food. We have previously shown that dopamine-stimulated adenylate cyclase activity is significantly inhibited in these mice when taken off doxycycline at 10 d of age, compared with both single transgenic controls and double transgenics maintained on doxycycline throughout (Nicholls et al. 2006 ).
Slice preparation
tetO-G␣ i2 ; CamKII␣-tTA double-transgenic, single-transgenic, and wild-type control mice of mixed sex, 15-21 d of age, were decapitated under deep ether anesthesia, and the hippocampus plus entorhinal cortex dissected free from surrounding tissue and placed immediately in ice-cold artificial cerebrospinal fluid (ACSF) consisting of: 126 mM NaCl, 26 mM NaHCO 3 , 1.25 mM NaH 2 PO 4 , 5 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , and 10 mM D-glucose, gassed with 95% O 2 / 5% CO 2 (pH 7.2-7.4). For extracellular field potential recordings, 400 µm-thick transverse slices were cut using a vibrating tissue slicer (Vibroslice, Camden Instruments), and transferred to an interface recording chamber maintained at 33°C and continuously perfused with ACSF (3 mL/ min), where they were incubated for a minimum of 90 min prior to recording. For whole-cell patch recordings from single CA1 pyramidal neurons, slices were incubated for 1-6 h in oxygenated ACSF at room temperature prior to transfer to a submerged recording chamber continuously perfused with room temperature ACSF (5 mL/min).
Electrophysiological recordings
Extracellular population fEPSP recordings were made using glass microelectrodes (2-3 M⍀ when filled with ACSF) placed in stratum radiatum of the CA1 region under visual guidance, to a depth of 100-150 µm. Bipolar stainless-steel stimulation electrodes (Frederick Haer) were placed in stratum radiatum to activate Schaffer collateral/commissural afferents. For baseline recordings, synaptic inputs were stimulated once per min (150 µsec square DC pulse). Baseline stimulus strength (10-100 µA) was adjusted in order to elicit a response ≈50% of the maximum fEPSP amplitude prior to the generation of a population action potential, and monitored for at least 30 min prior to induction of LTD/LTP. Slices in which there was a drift in baseline of >5% during this period were excluded from further analysis. Synaptic strength was quantified by measuring the maximum slope of the initial falling phase of the fEPSP, using a six-point interpolation least-squares linear regression analysis, which marched along the response until the maximum value was retrieved. Electrical signals were collected with an Axoclamp-2A amplifier (Axon Instruments) filtered at 1 kHz, sampled at 10 kHz, and digitized on an IBM clone computer using DataWave Technologies software to acquire and analyze data on-line.
Whole-cell patch-clamp recordings (Axoclamp 700B, Axon Instruments) were obtained from CA1 pyramidal neurons visualized using infrared differential interference contrast optics on a Zeiss Axioskop FS upright microscope. The intracellular patch pipette filling solution contained: 130 mM CsMeSO 4 , 4 mM NaCl, 10 mM HEPES, 0.5 mM EGTA, 4 mM Mg-ATP, 0.3 mM Na-GTP, and 2 mM QX-314 (pH 7.25; 280-290 mOsm; 4-6 M⍀). EPSCs were acquired at 5 kHz sample frequency and filtered at 1 kHz with an eight-pole low-pass Bessel filter. After whole-cell configuration was established, membrane potential was held at ‫55מ‬ mV. Recordings with leak currents of ‫001מ<‬ pA or series resistances >25 M⍀ were discarded. Spontaneous miniature EPSCs (mEPSCs) were recorded in 10 µM bicuculline, and automatically detected using minianalysis software (Synaptosoft). RMS noise level for each recording was calculated from a segment of data without obvious EPSCs, and the event detection threshold set to four times the RMS noise level. A period-to-searchmaximum length of 10 msec was used, and if a local maximum was detected, the previous -12 to ‫8מ‬ msec was used to set the baseline. If peak amplitude of the local maximum minus the average baseline was greater than or equal to detection threshold, peak amplitude, rise, and decay times were calculated. Time to peak was calculated as the time from the first data point 0.5% of peak amplitude to peak amplitude. Decay time was calculated as the time from the first point after peak to the point of 37% of peak amplitude. All program-identified EPSCs were confirmed by visual inspection before inclusion in results.
LTD/LTP stimulation induction protocols
LTD was induced using a prolonged train of low-frequency stimuli (LFS), which consisted of 1200 ‫ן‬ 150 µsec duration DC square pulses at a frequency of 2 Hz, for a total stimulation period of 10 min. In some experiments where LTD was electrically evoked, two separate inputs were isolated, verified as such by a lack of paired-pulse cross-interactions (50 msec interstimulus interval), and one input served as a control to verify input specificity of LTD. At the end of some experiments, reversibility of LTD was verified by inducing LTP. LTP was induced in naïve and LTD slices by a theta burst stimulation protocol (TBS) consisting of 10 bursts (five pulse/100 Hz each), at a frequency of 5 Hz, repeated four times, 15-sec apart. Changes in synaptic strength after LFS, TBS, or drug addition, were normalized to the pretreatment baseline in the same slice before averaging across slices.
Two-photon imaging of FM1-43 release
After confirming the presence of Schaffer collateral-evoked fEPSPs >1 mV in amplitude in CA1 stratum radiatum, 10 µM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) was bath applied to prevent synaptically driven action potentials in CA3 pyramidal neurons from accelerating dye release. Presynaptic boutons were loaded by bath applying 5 µM FM1-43 (Molecular Probes) in 45 mM [K + ] ACSF for 10 min, then returning to normal ACSF. Stimulus-induced destaining was measured after 30 min perfusion with dye-free ACSF, by a 2-min train of 10 Hz bipolar stimuli (150 µsec DC pulses).
FM1-43 fluorescence of single release sites was evoked by two-photon excitation, and visualized using a Leica DM LFS E upright microscope with water immersion ultraviolet objective APO L 63x/0.90 W and a Leica multispectral confocal laser scan unit. The light source was a Millenia 5 W diode laser source pumping a Tsunami Ti:sapphire laser (Spectra-Physics) that provided ≈130-fsec pulses at 82 MHz, tuned to 840-nm center wavelength. Epifluorescence was detected with photomultiplier tubes of the confocal laser scan head with pinhole maximally opened and emission spectral window optimized for signal over background (560-660 nm). Kinetic data were recorded with bandpassfiltered nondescanned photomultiplier tubes behind the objective and a 1.3 numerical aperture oil condenser, optimized for signal over background (540-600 nm) based on spectral analyses (Winterer et al. 2006) . Laser intensity was controlled with a variable beam splitter exploiting polarization of the laser light and neutral density filters. Though there were no signs of photodamage, we always used the lowest intensity necessary for adequate signal-to-noise ratio.
Using Leica TCS MP software, 512 ‫ן‬ 512 pixel images were acquired, 0.15 µm/pixel in the x-y axes. In offline analyses, rectangular regions of interest (ROI) (∼2-4 µm 2 ) were defined around the center of bright, punctate fluorescence spots, and 12-16 boutons and three to four background fields measured in each slice. If lateral displacement of a bouton beyond the ROI occurred, that bouton data set was discarded. Only puncta that showed stimulus-dependent unloading were included in the analysis (∼90% of puncta fulfilled this criteria). All fields imaged were within the first 100 µm depth in the slice, typically between 25 and 60 µm deep, and were from 40-60 µm away from the stimulating electrode poles. A fluorescence time course was generated by normalizing each ROI time course by dividing by starting intensity, averaging the background fields to produce a dye bleaching time course (2 h bleaching 12.1 ‫ע‬ 1.0%), and then dividing each bouton ROI by bleaching at corresponding time points throughout the experiment. Vertical bars denote SEM for the average of all normalized and corrected boutons across experiments.
Statistical analyses
Values of LTD and LTP were calculated as the change in fEPSP slope measured at least 1 h post-treatment. Summary data are presented as mean ‫ע‬ SEM at each 1-min time point throughout the experiment, with the vertical bars representing the SEM. The significance of differences between group means was calculated using a Student's t-test for unpaired data, significance before and after induction of LTD within slices with a paired t-test, with significance level preset to P < 0.05. Reported n is number of slices throughout, and typically one, but no more than two slices per mouse were used.
Chemicals
All drugs were stored frozen as stock solutions 100-1000 times the desired final concentration, and thawed and diluted immediately before addition to the perfusion ACSF. Drugs were used at the indicated final concentrations: cyclohexyladenosine (CHA; Sigma), 20 nM; 6-cyano-7-nitroquinoxalone-2,3-dione (CNQX; Tocris), 10 µM; 1 mM; H-89, (Biomol) 10 µM; Zaprinast, (Sigma) 20 µM; Picrotoxin, (Sigma) 10 µM. CNQX and H-89 were dissolved in DMSO stock solutions, with the final concentration of DMSO applied to slices always Յ0.1%. When these drugs were used, control experiments used equal concentrations of DMSO alone, which had no effect on the induction of LTD or LTP.
